Introduction
Magnetite concentrates have been the main raw materials for the production of fired acid oxide pellets for blast furnace in the P. R. China. The fired acid oxide pellets obtain their mechanical strength by the crystallization of haematite from the oxidizing of magnetite during the roasting at high temperature. Therefore, the oxidizing degree of magnetite to haematite is one of the dominant parameters for the roasted pellets to maintain the required mechanical strength. 1, 2) However, it is difficult to further improve the mechanical strength of fired acid oxide pellets because of coarser size and poorer pelletability of the magnetite concentrates. Damp milling has been utilized to cope with the problem and the improvement to certain extent has been achieved in some pellet plants in the P. R. China, 3, 4) but higher energy and steel medium for grinding are consumed. The HPRG process developed for energy saving has gained more and more attention in mineral processing. 4) Especially in iron ore industry, the application of the HPRG process ranges from coarse grinding, e.g. the grinding of excess pebbles in autogenous grinding (AG) circulation loops and crushing ironstone on the spot in mining, 5) to fine grinding to increase the Blaine values in the preparation of pellet feed. 6) However, few pellet plants have been using the HPRG process to pretreat pellet feed except for the Steel Belt References Plant, LKAB, 7) and no articles on the mechanism of the HPRG process to improve the roasting have been issued so far.
An investigation of the effect of the HPRG on the oxidizing kinetics of the pelletization of magnetite concentrate was presented in this paper, and a comparison of the product pellet strength at various process parameters of roasting system with or without using the HPRG was conducted.
Experimental

Raw Materials
The In this paper the effect of the high press roll grinding (HPRG) on the oxidizing kinetics of the pelletization of magnetite concentrate was investigated, which aims to improve the pelletability of the concentrate. The comparison of the roasted pellet strength at various process parameters of roasting system with or without using the HPRG was also conducted. It is shown that the rate of oxidation of magnetite into hematite increases during the roasting of the green pellets made by using the HPRG to pretreat the concentrate, and the apparent activation energy of the oxidation reaction of magnetite is reduced from 49.62 kJ/mol to 33.87 kJ/mol in the range of 650-950°C, which results from the marked increase in specific surface area and the occurrence of lattice deformation of magnetite concentrate by the HPRG's mechano-chemical activation. Under the optimum roasting conditions of preheating at 950°C for 15 min and indurating at 1 250°C for 15 min, the compressive strength of product pellets is raised from 3 490 to 4 540 N per pellet by using the HPRG to replace damp mill to pretreat the concentrate. The improved kinetics of oxidation of magnetite concentrate agrees well with the enhancement of mechanical strength of roasted pellets.
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The physical properties of bentonite, also supplied by Daye Iron Ore Mine, WISC. and activated by sodium salt in the pellet plant of the Mine, is given in Table 4 . Bentonite possesses better properties and was used to improve the balling of the concentrate.
Experimental Procedure
Pretreating the concentrate: the magnetite concentrate was pretreated by HPRG or damp milling before balling to improve the pelletability. The moist magnetite concentrate was pretreated at a normal feed rate of 30 kg/min and under pressure of 2.23 MPa by the HPRG with 200 mm in diameter and 75 mm width, or pretreated by damp milling at 120 rpm for 6 min as base case. The size of damp milling is 400 mm in diameter and 300 mm long, then mixed with 1.5 wt% bentonite in a kneader-mixer at 350 rpm with a 150-rpm orbital motion for 5 min. The batch of the pretreated concentrate is 6 kg.
Balling: Pellets were made from the mixture of the iron ore concentrate and bentonite in a disc pelletizer of 1 m in diameter and 0.2 m rim depth, and inclined at 45°to the horizontal. A small amount of the mixed material was added to the pelletizer disc, rotating at 35 rpm, to make pellet "seeds". The seeds were moistened with water mist to retain moisture content while adding additional material to enlarge them into pellets. The amount of mixed material added for batch balling was 6 kg. The time required for pelletization was 15 min, and another 2 min was needed to compact the green pellets after finishing adding the mixed material and water. The diameter of finished green pellets containing 8 % moisture was controlled at 12-16 mm by screening. The finished green pellets were dried in an oven at 200°C for 4 h for roasting. The drop numbers and the compressive strength of the green pellets determined are 3.3 and 6.9 times, 18 and 26 Newton per pellet for using damp milling and the HPRG to pretreat the concentrate, respectively.
Pellet Roasting: the roasting of dry pellets was conducted in an alumina crucible set in an electric tube furnace of 35mm diameter, where the temperature profile of the roasting system consists of three continuous zones: preheating (oxidizing) at 600-1 000°C, indurating at 1 150-1 300°C and cooling at 600-900°C. The parameters of roasting system investigated include preheating temperature and duration, induration temperature and time. The influence of the pretreatment methods for the iron ore concentrate, i.e. the HPRG or damp milling over the oxidation kinetics of pellets was also studied by determining the FeO variations with the duration of roasting at 650-950°C.
The drop number and compressive strength of the finished green pellets were measured, and used to evaluate the ability of the green pellets to remain intact and retain their shape during handling, respectively. The procedure for the measurement of drop number is as follows: a single freshly made green pellet is dropped repeatedly from a height of 0.5 m onto a steel plate. The number of drops required for fracture is recorded for 20 pellets and the results averaged. The compressive strength of green pellets was determined in the following procedure: a single freshly made green pellet is compressed using a compression test machine of Instron-100 type at a cross-head speed of 40 mm/min. The load required to fracture the pellet is recorded. This is repeated for 20 pellets and the results averaged.
The compressive strength of roasted pellets were measured using compression test machine of Instron-1000 type with a cross-head speed of 40 mm/min. The load required to fracture the pellet is recorded. This is repeated for 60 pellets and the results averaged. All the results in base case are referred to that with the concentrate pretreated by damp milling.
Results and Discussion
Oxidation Kinetics of Magnetite
Determination of Reaction Order
During the roasting of green magnetite pellets, the oxidation of magnetite into haematite takes place firstly, and then the newly formed haematite crystallize for the pellets to obtain the required mechanical strength. The oxidation of magnetite into haematite can be described as the following non-radical reaction: 4Fe 3 Then the oxidation kinetics including oxidation rate and apparent activation energy could be determined by measuring the variations of FeO with the roasting time.
There are three equations for describing the rate constants of the oxidation reactions as the following: Table 3 . The size distributions of the iron ore concentrate (wt%). Where X is FeO content (%), t the reaction time (min), C AO the initial FeO content of the pellets before roasting (20.02 %), k 0 , k 1 and k 2 the rate constants of the zero, first and second order reaction, respectively.
The FeO variations of pellet with the roasting time at 850°C and the calculated rate constants of three kinds of reactions are documented in Table 5 . It is noted that only k 1 is almost constant, so the oxidation reaction of magnetite pellets agrees with the rate equation of the first order reaction. Table 6 is the FeO content of pellets measured at various preheating temperatures and duration during the roasting of pellets. By substituting the data into Eq. (2), the value of ln(C AO /(C AO ϪX )) is plotted against t in Fig. 1 . The curves are straight lines, and the slopes of these lines are the rate constants of oxidation reaction.
Rate Constants of Oxidation Reaction
It is obvious that the rate constants of oxidation reaction increase with the roasting temperature in the two cases, and steady higher rate constants of oxidation reaction occur at 650-950°C for the pellets made from the iron ore concentrate pretreated by HPRG. It may be suggested that the iron ore concentrate pretreated by HPRG possesses a higher chemical activity due to the lattice deformation, microcracks on the surface and huge specific surface area. 3, 8) For example, specific surface area of magnetite concentrate pretreated by HPRG was raised from 1 170 to 1 590 cm 2 /g, many microcracks resulting from grinding selectivity were visible under SEM and the degree of lattice deformation increased by 11.92 %.
3) With more microcracks and a higher specific surface area, there is lower diffusion resistance for oxygen to reach the reaction interface and a lower concentration of oxygen on the interface, both of which enhance the diffusion and chemical reaction rates. Meanwhile the higher degree of lattice deformation will improve the chemical reaction rate by lowering the reaction resistance between oxygen and iron atoms.
Apparent Activation Energy
The apparent activation energy of the oxidation reaction can be derived from the Arrhenius equation Where k is rate constant of the reaction, E a the apparent activation energy, C integral constant independent of temperature, R the gas constant (8.314 J/mol · K) and T the reaction temperature in K. The natural logarithms of rate constants k against the value of 1/T are plotted in Fig. 2 . Based on the slopes of lines in Fig. 2 and Eq. (4), the apparent activation energies in base case and by using HPRG are determined as 49.62 kJ/mol and 33.84 kJ/mol, respectively, and the apparent activation energy being lowered by 15.58 kJ/mol in the latter case because of the mechano-chemical activation of HPRG. The mechanism of HPRG was proved by Wang 3) that the lattice deformation, increase in micron sizes and huge specific surface area of the iron ore concentrate occurs. Figure 3 shows the effect of preheating temperature on the compressive strength of fired pellets. The compressive strength of the finished pellets increases with the preheating temperature, and reaches the maximum at 950°C. When the preheating temperature is beyond 950°C, the compressive strength of the pellets decreases. It is noted that the compressive strength of the pellets is much higher with the concentrate pretreated by HPRG than in base case in the range of 850-1 000°C, so the preheating temperature can be reduced in the case with the concentrate pretreated by the HPRG.
Pellet Roasting
The effect of preheating time on the compressive strength of fired pellets is illustrated in Fig. 4 . With the preheating time prolonging, the compressive strength of the fired pellets increases. However, the compressive strength of the finished pellets tends to be steady when the time is higher than 15 min. Higher compressive strength of fired pellets can be obtained at shorter preheating duration by using the HPRG to pretreat the iron ore concentrate, which means that the oxidation rate of magnetite mineral is improved due to the lattice deformation. The newly formed haematite during preheating is chemically active to crystallize and enhance the induration of the finished pellets.
As is shown in Fig. 5 , the compressive strength of the product pellets increases with the roasting time, and comes to be steady when the duration is beyond 15 min by using HPRG. However, the compressive strength of product pellets increases in the tested range in base case. The roasting time can be shortened to achieve the required compressive strength due to higher rate of oxidation of magnetite.
The compressive strength of the product pellets increases with the roasting temperature, as depicted in Fig. 6 , and reaches peak value at 1 250°C. It may be concluded that the roasting temperature also can be lowered because the newly formed haematite is highly chemically reactive to crystallize.
Under the optimum roasting conditions of preheating at 950°C for 15 min and roasting at 1 250°C for 15 min, the compressive strength of product pellets is raised from 3 490 to 4 540 N per pellet by using the HPRG to replace damp mill to pretreat the concentrate.
Comparison of HPRG and Damp Milling
HPRG is more effective than damp milling in improving 
